INTRODUCTION:
In the brain, synaptic connections form neuronal communication networks, thereby constructing neural circuits. Synaptic connections are exquisitely specific and dynamic, but the underlying molecular mechanisms remain largely unexplored. In the hippocampus, Schaffer-collateral axons from the CA3 region form synapses on CA1-region pyramidal neurons exclusively on dendritic domains in the stratum (S.) oriens and S. radiatum of these neurons. In contrast, perforant-path axons from the entorhinal cortex form synapses on CA1-region pyramidal neurons exclusively on dendritic domains in the S. lacunosummoleculare. However, it is unknown how this synaptic input specificity is achieved and what signaling mechanisms maintain the two classes of synapses.
RATIONALE: Synapse formation is thought to involve bidirectional signaling by transsynaptic cell adhesion molecules. Building on recent observations that the adhesion G protein-coupled receptor (GPCR) latrophilin-2 is essential for synapses in the S. lacunosum-moleculare of the CA1 region, we asked whether distinct latrophilins are localized to different dendritic domains of CA1-region neurons. Moreover, latrophilins are known to form transcellular interactions with two classes of cell adhesion molecules: teneurins and fibronectin leucinerich repeat transmembrane proteins (FLRTs). Thus, we hypothesized that latrophilins may act in synapse formation via transsynaptic interactions with these adhesion molecules as ligands, and that such interactions may contribute to the specificity of synapse formation.
RESULTS:
We produced genetic manipulations in transgenic mice to allow monitoring the localizations of endogenous latrophilin-2 and latrophilin-3 in vivo and to enable their conditional deletion. Using these manipulations, we found that latrophilin-2 and latrophilin-3 were specifically localized to postsynaptic spines in nonoverlapping dendritic domains of CA1-region pyramidal neurons. Latrophilin-2 was targeted only to excitatory synapses in the S. lacunosum-moleculare, whereas latrophilin-3 was targeted only to excitatory synapses in the S. oriens and S. radiatum, corresponding to distinct presynaptic inputs onto CA1-region pyramidal neurons. Deletion of latrophilin-3 selectively decreased Schaffer-collateral synapses in the S. radiatum and S. oriens, whereas deletion of latrophilin-2 selectively decreased entorhinal cortex-derived synapses in the S. lacunosummoleculare of CA1 neurons. In vivo rescue experiments with latrophilin-3 mutants that selectively lack binding to only FLRTs or only teneurins revealed that both binding activities were required for input-specific synapse formation, as monitored by electrophysiology and retrograde rabies tracing. Thus, coincident binding of both latrophilin-3 ligands was necessary for synapse formation. Moreover, in vitro synapse formation assays showed that teneurin-2 or FLRT3 alone were unable to induce excitatory synapse formation, whereas together they potently did so. However, even in combination, FLRT3 and teneurin-2 induced excitatory synapses only when teneurin-2 was expressed as a splice variant that is competent to interact with latrophilins, indicating that simultaneous binding of both FLRT3 and teneurin-2 to latrophilins was necessary to induce synapse formation.
CONCLUSION:
We suggest that latrophilin-2 and latrophilin-3 are postsynaptic adhesion GPCRs that are targeted in CA1 pyramidal neurons to nonoverlapping dendritic domains, where they promote excitatory synapse formation by specific and distinct presynaptic inputs. Because the function of latrophilin-3 in synapse formation requires simultaneous binding of two unrelated presynaptic ligands (FLRTs and teneurins), a coincidence signaling mechanism could account for the specificity of synaptic connections.
Postsynaptic latrophilin-2 and latrophilin-3 mediate synapse specificity by simultaneously binding to presynaptic FLRTs and teneurins. Latrophilin-2 and latrophilin-3 are exclusively localized to dendritic domains of CA1 pyramidal neurons in the S. lacunosummoleculare or the S. oriens and S. radiatum, respectively. In these locations, latrophilins simultaneously interact with two different presynaptic cell adhesion molecules, FLRTs and teneurins, and perform an essential function in synapse formation via these interactions. Bidirectional signaling by cell adhesion molecules is thought to mediate synapse formation, but the mechanisms involved remain elusive. We found that the adhesion G protein-coupled receptors latrophilin-2 and latrophilin-3 selectively direct formation of perforant-path and Schaffer-collateral synapses, respectively, to hippocampal CA1-region neurons. Latrophilin-3 binds to two transcellular ligands: fibronectin leucine-rich repeat transmembrane proteins (FLRTs) and teneurins. In transgenic mice in vivo, both binding activities were required for input-specific synapse formation, which suggests that coincident binding of both ligands is necessary for synapse formation. In cultured neurons in vitro, teneurin or FLRT alone did not induce excitatory synapse formation, whereas together they potently did so. Thus, postsynaptic latrophilins promote excitatory synapse formation by simultaneous binding of two unrelated presynaptic ligands, which is required for formation of synaptic inputs at specific dendritic localizations.
M ost synapses form during postnatal development, but many synapses continue to turn over throughout life. Although intensely studied, the mechanism of synapse formation is unclear. Synapses are shaped by transsynaptic cell adhesion molecules. Many such molecules have been described, but for most such molecules it is unclear whether they are physiologically important; even the question of whether a particular candidate synaptic cell adhesion molecule is pre-or postsynaptic is often unanswered (1-3) .
Latrophilins are adhesion G protein-coupled receptors (GPCRs) containing extensive N-terminal extracellular sequences followed by a classical seven-transmembrane region GPCR architecture (Fig. 1A) . The extracellular domains of latrophilins bind to at least two transcellular ligands: fibronectin leucine-rich repeat transmembrane proteins (FLRTs) (4) and teneurins (5) (6) (7) . Like all adhesion GPCRs, latrophilins contain a characteristic extracellular GPCR autoproteolysis-inducing (GAIN) domain that catalyzes autoproteolysis at a site just N-terminal to the first transmembrane region (8) . Although latrophilin autoproteolysis is an invariant feature of adhesion GPCRs, its physiological importance remains unclear. One well-supported idea suggests that in an adhesion GPCR, GAIN domain-mediated adhesion cleavage exposes a new N-terminal sequence, the so-called "stachel," which then serves as an intrinsic ligand for the GPCR (9) (10) (11) (12) . An alternative hypothesis is that ligand binding activates the adhesion GPCR directly via a stachel-independent mechanism (13) (14) (15) . One latrophilin, Lphn2, is essential for synapse formation in hippocampal CA1 neurons in a specific dendritic domain, the stratum (S.) lacunosum-moleculare (16) . Lphn2 may thus be postsynaptic, consistent with previously reported interactions between the intracellular C terminus of latrophilins and postsynaptic Shank scaffolding proteins (17, 18) . However, other studies have indicated a presynaptic location of latrophilins (4, 5) , illustrating the difficulty of assigning functions and locations to synaptic molecules.
Collectively, these studies raise questions about how latrophilins contribute to synapse formation. Do latrophilins act as pre-or postsynaptic molecules, do different latrophilins perform complementary or overlapping roles, and are their autoproteolytic cleavage or their ligand-binding activities required for synapse formation?
Lphn3 is a postsynaptic GPCR essential for excitatory synapse formation
We generated conditional (cKO) and constitutive knockout (KO) mice for Lphn3 (Fig. 1A  and fig. S1A ) (19) . Both were viable and fertile, but constitutive Lphn3 KO mice exhibited a decreased body weight ( fig. S1 , B and C). In the cKO mice, we tagged Lphn3 with N-terminal hemagglutinin (HA) epitopes, allowing us to monitor Lphn3 protein in the absence of suitable antibodies (Fig. 1A) . Developmentally, Lphn3 was expressed in a pattern paralleling synaptogenesis, with peak expression at approximately postnatal day 12 (P12; fig. S1D ). Lphn3 was robustly expressed in dissociated cultures containing neurons, but not in cultures composed only of glia ( fig. S1E) . In hippocampal neurons, Lphn3 was localized to excitatory synapses ( fig. S2A ). Sparse postsynaptic expression of Cre recombinase in a small percentage of neurons in culture abolished synaptic Lphn3 expression within transfected neurons, whereas expression of mutant inactive Cre recombinase (DCre, as a control) had no effect (Fig. 1B and  fig. S2B ). Similarly, global Cre expression abolished all Lphn3 expression in the cKO neurons ( fig. S2, C and D) . Thus, Lphn3 is a postsynaptic adhesion GPCR in cultured neurons.
To examine the function of Lphn3, we sparsely transfected cultured hippocampal neurons with DCre or Cre. We analyzed their spine density after filling individual neurons with biocytin via a patch pipette, and their synapse numbers by staining the neurons for pre-and postsynaptic marker proteins. Postsynaptic Cre recombinasemediated deletion of Lphn3 produced a~50% loss of dendritic spines and a~40% loss of excitatory synapses, but no change in inhibitory synapses ( Fig. 1 , C to E, and fig. S3 , A to C). We then performed electrophysiological recordings from sparsely transfected Lphn3 cKO neurons expressing Cre or DCre. These neurons exhibited identical passive electrical properties but displayed a~50% decrease in the frequency of spontaneous miniature excitatory postsynaptic currents (mEPSCs) without a change in miniature inhibitory postsynaptic currents (mIPSCs). Moreover, these neurons displayed a~40% decrease in evoked EPSCs but not in evoked IPSCs (Fig. 1, F Lphn3 function in synapse formation requires FLRT and teneurin binding but not autoproteolysis
Although adhesion GPCRs represent the second most numerous family of human GPCRs, their mechanism of action has remained unclear (11, 14) . Because all adhesion GPCRs contain an autoproteolytic GAIN domain (8) , ligand binding to an adhesion GPCR may activate its GPCR moiety by pulling off its extracellular sequences, thereby exposing a short N-terminal stub that serves as an intrinsic ligand for the GPCR, similar to the activation mechanism of thrombin receptors (20, 21) . A complicating factor is that for most adhesion GPCRs, no ligands have been identified, rendering a test of the hypothesis difficult. However, for latrophilins, two high-affinity ligands are known that bind with nanomolar affinity: FLRTs and teneurins (4) (5) (6) (7) . Is binding of both of these ligands physiologically relevant, and do these ligandsseparately or together-activate latrophilins by pulling off their extracellular domains, thereby exposing a tethered agonist in the new free N-terminal sequence?
To address these questions, we generated three Lphn3 mutants ( Fig. 2A) . The 4A mutation changes four amino acids in the olfactomedinlike domain and selectively blocks FLRT binding (22) , the DLEC mutation deletes the lectin-like domain of Lphn3 and abolishes teneurin binding (6) , and the T869G mutation (Thr 869 → Gly) blocks autoproteolysis by the GAIN domain without impairing its folding (8) . All three Lphn3 mutants were well expressed at the expected size ( fig. S4A ). The 4A mutation blocked FLRTmediated but not teneurin-mediated aggregation, whereas the DLEC mutation blocked teneurin-mediated but not FLRT-mediated aggregation, and the T869G mutation had no effect on either teneurin-or FLRT-mediated aggregation ( Fig. 2B and fig. S4B ). Thus, the mutants acted as designed, were transported to the cell surface, and were likely properly folded. Moreover, when expressed in neurons, all mutants were also efficiently localized to the cell surface ( fig. S4 , C to E).
We then tested the ability of these mutants to rescue the decrease in excitatory synapse density and mEPSC frequency induced by the Lphn3 deletion in cultured hippocampal neurons ( synapse formation requires binding sites for both FLRT and teneurin but does not depend on autoproteolysis.
Lphn3 function in CA1 pyramidal neurons is restricted to Schaffer-collateral synapses
In the CA1 region of the hippocampus, Lphn2 is selectively enriched in spine synapses in the S. lacunosum-moleculare (16) . These synapses are formed by perforant-path axons originating from the entorhinal cortex. To analyze the localization of Lphn3 versus that of Lphn2, we generated mice coexpressing mVenus-tagged Lphn2 and HA-tagged Lphn3 (Fig. 3A) . Using these mice, we confirmed that Lphn2 was highly concentrated in the S. lacunosum-moleculare (Fig. 3, A and B) . Lphn3, however, was enriched in the S. oriens and S. radiatum, corresponding to the other dendritic domains of CA1 pyramidal neurons, and was absent from the S. lacunosummoleculare (Fig. 3, A and B) . Higher-magnification images of sections that were double-labeled for Lphn2 and Lphn3 revealed that Lphn3 was undetectable in the S. lacunosum-moleculare, whereas Lphn2 was excluded from the S. radiatum ( Fig. 3C and fig. S5 ). Similar to cultured neurons, Lphn3 was observed in excitatory but not inhibitory synapses in the CA1 region (Fig. 3, D and E). Thus, Lphn2 and Lphn3 exhibit complementary, nonoverlapping distributions in excitatory synapses of pyramidal CA1 neurons. Interestingly, the spatial segregation of Lphn2 and Lphn3 into different dendritic domains was lost in cultured hippocampal neurons, although in cultured neurons Lphn2 and Lphn3 were still largely localized to distinct synapses ( fig. S6 ).
We next asked whether Lphn3 was pre-or postsynaptic in CA1-region neurons. Deletion of Lphn3 in large areas of the CA1 region by stereotactic infection with adeno-associated viruses (AAVs) expressing an enhanced green fluorescent protein (eGFP) fusion protein of Cre recombinase caused a complete loss of Lphn3 from the infected area but had no effect on Lphn3 levels in the subiculum (Fig. 3, F and G,  and fig. S7 ). Because the CA1-region deletion of Lphn3 would not affect Lphn3 expression in the CA3 region or the entorhinal cortex, the complete ablation of Lphn3 by the deletion in the CA1 region means that the presynaptic inputs into the CA1 do not contain Lphn3. Moreover, because the major target area for presynaptic projections from the CA1 region is the subiculum, the absence of a change in Lphn3 staining in the subiculum suggests that the Lphn3 signal here is not derived from CA1-region neurons. Thus, Lphn3 is primarily a postsynaptic protein in the hippocampus.
To examine the function of Lphn3 in vivo, we used unilateral stereotactic injections of lentiviruses to sparsely express eGFP-tagged Cre in CA1 pyramidal neurons of newborn Lphn3 cKO mice (Fig. 4A) . We analyzed infected CA1 pyramidal neurons (identified by nuclear eGFP expression) and uninfected control neurons in the opposite hemisphere of the same mouse 3 weeks later by imaging and slice physiology. Lphn3 is broadly distributed in the hippocampal formation except for the S. lacunosum-moleculare of the CA1 region, whereas Lphn2 is present only in the S. lacunosum-moleculare. Overview images (A) depict the entire hippocampal formation (left) or the CA1 region and dentate gyrus (right) viewed in a cryosection from knock-in mice expressing mVenus-tagged Lphn2 (16) and HA-tagged Lphn3. The section was stained for Lphn2-mVenus, HA-tagged Lphn3, and nuclei (DAPI). Quantifications of relative Lphn2 and Lphn3 levels (B) show that Lphn2 is specifically targeted in the CA1 region to the S. lacunosum-moleculare, whereas Lphn3 is present in the S. oriens and S. radiatum but not the S. lacunosum-moleculare (means ± SEM, n = 5 mice per experimental group; controls are wild-type mice).
(C) High-magnification images showing that the S. radiatum of the CA1 region and of the dentate gyrus contain Lphn3-positive puncta but not Lphn2-positive puncta, whereas the S. lacunosum-moleculare contains Lphn2-positive puncta but not Lphn3-positive puncta. Images were taken from a cryosection obtained and stained as described for (A). . Note that the deletion of Lphn3 abolishes all Lphn3-positive puncta in the CA1 region, excluding the presence of Lphn3-positive presynaptic inputs, but the CA1-region deletion has no effect on Lphn3-positive puncta in the subiculum, ruling out the presence of Lphn3 on CA1-derived presynaptic outputs.
We filled individual neurons expressing Cre versus controls with biocytin for visualization of the entire dendritic arbor (Fig. 4B) and measured their spine density in the three major synaptic layers (S. oriens, S. radiatum, and S. lacunosummoleculare). Deletion of Lphn3 in vivo caused a significant loss of spines in the S. oriens and S. radiatum but not in the S. lacunosum-moleculare, consistent with the selective localization of Lphn3 to these dendritic domains (Fig. 4 , C to E). We then examined infected cells electrophysiologically (Fig. 4F and fig. S8 ). Although we observed no change in capacitance or input resistance, we detected a~50% decrease in the mEPSC frequency (Fig. 4, G to I, and fig. S8 , A to C). The mEPSC amplitude was unchanged, as were the mIPSC frequency and amplitude. Thus, the Lphn3 deletion caused a selective loss . Input-output curves were used to control for differences in stimulus strength. (K) Postsynaptic Lphn3 deletion in CA1 neurons had no effect on the synaptic strength of entorhinal cortex inputs (left, representative traces; right, summary graph of EPSC amplitude). (L) Measurements of paired-pulse ratios of Schaffer-collateral EPSCs as a function of the interstimulus interval show that the Lphn3 deletion has no effect on release probability (left, representative traces; right, summary plot). (M) Same as (J), but measured in acute slices from mice that were sparsely infected with Cre-expressing lentiviruses at P21 and analyzed at P40. Numerical data are means ± SEM (numbers of cells and mice are indicated in bars). **P < 0.01, *P < 0.05 (two-tailed t test). of spines and of excitatory synaptic inputs specifically in the more proximal dendritic domains of CA1 pyramidal neurons innervated by Schaffer collaterals.
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To confirm that the decrease in mEPSC frequency was caused by a selective decrease in Schaffercollateral but not perforant-path synapses, we separately monitored EPSCs evoked by Schaffercollateral or perforant-path stimulation in the same patched CA1 pyramidal neuron, using input/output curves to control for the variability in stimulus strength (Fig. 4F and fig. S8D ). The postsynaptic deletion of Lphn3 decreased Schaffer-collateral EPSCs by~50% but had no effect on perforantpath EPSCs (Fig. 4, J and K) . The decrease in Schaffer-collateral synapse strength was not due to a decrease in release probability, because the paired-pulse ratio and the coefficient of variation of EPSCs were unchanged by the Lphn3 deletion (Fig. 4L and fig. S8E ). These manipulations were performed using sparse postsynaptic deletions of Lphn3 in newborn mice, but deletions by stereotactic Cre recombinase expression in juvenile mice produced the same phenotype (Fig. 4M) . In these measurements, EPSCs monitor almost exclusively a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR)-mediated responses, but parallel experiments assessing N-methyl-D-aspartate receptor (NMDAR)-mediated responses also showed a decrease in synaptic strength of Schaffercollateral but not perforant-path synapses ( fig. S8,  F to H) . NMDAR-mediated responses, however, were decreased less strongly in Lphn3-deficient neurons than were AMPAR-mediated responses, which suggests that the remaining synapses may be relatively less mature ( fig. S8H) . Thus, the postsynaptic Lphn3 deletion in CA1 pyramidal neurons selectively impaired synapses formed by Schaffer collaterals onto CA1 pyramidal neurons in the S. oriens and S. radiatum, but had no effect on synapses formed by perforant-path axons in the S. lacunosum-moleculare. In these experiments, Nrxn1b was used as a positive control that equally induced excitatory and inhibitory postsynaptic specializations (25) . (D) Summary graphs showing that FLRT3 and teneurin-2 splice variants, alone or in combination, did not induce presynaptic excitatory or inhibitory specializations, whereas Nlgn1, used as a positive control, potently did so (n.d., nondetectable). Data in (C) and (D) are means ± SEM from three independent experimental replicates. ***P < 0.001, **P < 0.01, *P < 0.05 (one-way ANOVA).
These results suggest two major conclusions: (i) Lphn2 and Lphn3 perform similar postsynaptic functions in distinct dendritic domains of CA1 pyramidal neurons, and (ii) at least in cultured neurons, the Lphn3 function requires Lphn3 binding of two different ligands that interact with distinct Lphn3 domains. To further test the validity of these conclusions, we performed in vivo rescue experiments. We sparsely infected CA1 neurons of newborn Lphn3 cKO mice with lentiviruses that express Cre alone or coexpress Cre with either Lphn2 or Lphn3 (Fig. 5A and fig. S4C ). We then patched infected or control neurons in acute slices and measured the input/output relations of EPSCs elicited by Schaffer-collateral or perforant-path axon stimulation.
Wild-type Lphn3 fully rescued the loss of Schaffer-collateral synapse strength in Lphn3-deficient neurons, whereas wild-type Lphn2 had no effect (Fig. 5A) . None of the manipulations changed synaptic responses induced by perforantpath axon stimulation (Fig. 5B) . Thus, Lphn2 and Lphn3 mediate similar postsynaptic functions in synapse formation in CA1 pyramidal neurons, but perform these functions in different nonoverlapping dendritic domains that form excitatory synapses with distinct classes of axons. Even overexpression of Lphn2, which is inherent in rescue experiments, did not rescue the deletion of Lphn3, suggesting a tight regulation of the functional differences of Lphn2 and Lphn3.
Blocking teneurin or FLRT3 binding independently ablates Lphn3 function in vivo
The rescue experiments in cultured neurons suggested that surprisingly, Lphn3 may require simultaneous binding of FLRTs and teneurins for function. To investigate this, we examined rescue of Schaffer-collateral synaptic strength in Lphn3-deficient CA1 neurons by two Lphn3 mutants, Lphn3-4A (deletes FLRT binding) and Lphn3-DLEC (deletes teneurin binding) ( Fig. 2A) . We used rescue with wild-type Lphn3 as a positive control. Strikingly, neither the FLRT-binding nor the teneurin-binding mutant of Lphn3 rescued the loss of synaptic strength, whereas wild-type Lphn3 reversed the phenotype (Fig. 5C) . Furthermore, measurements of spontaneous mEPSCs in the presence of tetrodotoxin demonstrated that the two ligand-binding mutants of Lphn3 were unable to rescue the large decrease in mEPSC frequency observed in Lphn3-deficient neurons, whereas wild-type Lphn3 again fully compensated for the Lphn3 deletion (Fig. 5D) .
To independently validate the electrophysiological conclusions, we used retrograde transmission of recombinant rabies viruses as a tool to measure synaptic connectivity (Fig. 6A) (23) . In these experiments, we first unilaterally stereotactically infected the hippocampal CA1 region of newborn Lphn3 cKO mice with lentiviruses encoding Cre alone or Cre coexpressed with Lphn3 rescue proteins, as performed for the electrophysiological analyses. We then re-infected the hippocampal CA1 region at P21 with AAVs encoding the Cre-inducible receptor and packaging proteins for replication-defective pseudotyped rabies virus, and finally administered, again stereotactically, the pseudotyped replicationdefective rabies viruses at P35 to mediate retrograde tracing of presynaptic inputs onto the CA1 neurons (Fig. 6A) . We measured three such inputs: Synaptic inputs from the ipsilateral CA3 region, from the contralateral CA3 region, and from the ipsilateral entorhinal cortex, and quantified connectivity by image analysis (Fig. 6B) .
Lphn3 deletion selectively impaired inputs to CA1-region pyramidal neurons from both the ipsilateral and the contralateral CA3 region but not from the entorhinal cortex (Fig. 6C) . Whereas wild-type Lphn3 was able to rescue this phenotype fully, neither the FLRT binding-defective nor the teneurin binding-defective Lphn3 mutant produced any rescue. Quantifications revealed that the Lphn3 deletion blocked~70% of Schaffercollateral connectivity (Fig. 6D) . To ensure the specificity of these measurements, we also analyzed the effect of the Lphn2 deletion in the same experimental paradigm (Fig. 6E) . In contrast to the Lphn3 deletion, the Lphn2 deletion had no effect on Schaffer-collateral synaptic connectivity but decreased the synaptic connections to the entorhinal cortex by~60% (Fig. 6, E and F) . Thus, deletion of postsynaptic Lphn2 and Lphn3 in the CA1 region selectively decreases the synaptic connectivity of entorhinal cortex or Schaffercollateral afferents, and the function of Lphn3 in maintaining Schaffer-collateral synapse formation again requires binding sites for both FLRTs and teneurins.
Teneurin-2 and FLRT3 elicit synapse formation only when coexpressed
To further examine the role of teneurin and FLRT ligand binding to Lphn3 in synapse formation, we turned to an in vitro synapse formation paradigm (24, 25) . In this assay paradigm, expression of a candidate synaptic adhesion molecule in a nonneuronal cell, such as a human embryonic kidney (HEK) 293T cell or COS cell, elicits formation of synaptic contacts with cocultured neurons that elaborate pre-or postsynaptic specialization at the point of contact (24, 25) . This assay broadly suggests a role for an adhesion molecule that is active in this assay as a pre-or postsynaptic signaling molecule, depending on what type of specialization it elicits [reviewed in (3) ].
When we tested Lphn3 in this assay, we observed potent induction of presynaptic excitatory specializations, consistent with a function of a postsynaptic adhesion molecule ( fig. S9, A to C) . However, FLRT3 on its own was unable to induce pre-or postsynaptic specializations. Moreover, although the splice variant of teneurin-2 that does not bind to latrophilins actively induced inhibitory postsynaptic but not presynaptic specializations [see also (7) ], the splice variant of teneurin-2 that binds to Lphn3 was unable to induce preor postsynaptic specializations (Fig. 7 and fig.  S9D ). However, when FLRT3 was coexpressed in HEK293T cells with the teneurin-2 splice variant that binds to Lphn3, the two molecules together potently induced excitatory but not inhibitory postsynaptic specializations (Fig. 7) . In this combination, the teneurin-2 splice variant that does not bind to Lphn3 again was inactive, even if combined with FLRT3. Thus, teneurins and FLRTs exclusively act as presynaptic adhesion molecules and are able to stimulate excitatory synapse formation only in combination, not separately.
Discussion
How synapses form, how they are maintained, and what molecular processes establish specificity in synaptic connections remain fundamental unanswered questions in neuroscience (1-3) . Here, we provide three findings that reveal mechanisms involved in input-specific synapse formation in the brain and suggest an explanation for synapse specificity (fig. S10) .
First, we show that Lphn3 is specifically targeted to the dendritic domains of the S. oriens and S. radiatum of hippocampal CA1 pyramidal neurons, whereas the highly homologous Lphn2 is specifically targeted to the S. lacunosum-moleculare in the same neurons. Both Lphn2 and Lphn3 are essential for subsets of excitatory synapses on the dendritic domain to which they are targeted, suggesting that different isoforms of the same postsynaptic protein family differentially function in distinct synapses. These findings thus provide an explanation for the evolution of homologous adhesion GPCRs and their coexpression in the same neuron, and reveal that different isoforms of a postsynaptic cell recognition molecule can be targeted to distinct dendritic domains.
Second, we show that autoproteolysis mediated by the GAIN domain (11)-a canonical feature of adhesion GPCRs-is not required for Lphn3 function, suggesting that their activation does not involve the exposure of an intrinsic tethered agonist that is rendered competent for receptor binding by removal of the extracellular domains of Lphn3.
Third, we show that individual inactivation of FLRT binding or of teneurin binding to Lphn3 blocked its function in synapse formation, and that in the in vitro synapse formation paradigm, teneurin-2 and FLRT3 induced excitatory synapse formation only when they were coexpressed. Even when FLRT3 and teneurin-2 were coexpressed, only the teneurin-2 splice variant capable of binding to latrophilins was active in synapse formation. These results suggest that the requirement for two simultaneous ligands enables a higher specificity in synapse formation. More generally, the coincidence signaling by multiple ligands we describe here contributes to the emerging realization that signal integration and coincidence detection are a key feature in synaptic plasticity and neural circuits (26, 27) . Our results suggest that input-specific synapse formation requires integration of multiple transsynaptic signals acting on latrophilin adhesion GPCRs.
Our results are at odds with several previous results. It has been proposed that latrophilins are presynaptic and FLRTs are postsynaptic (4), but this conclusion was largely based on the notion that latrophilins as a-latrotoxin receptors should be presynaptic. Moreover, a recent study arguing for a postsynaptic localization of FLRT2 is confounded by the use of an antibody targeting the FLRT2 extracellular region for localization analysis, which is presumably localized in the synaptic cleft, and the use of short hairpin RNA-mediated knockdowns, which are difficult to control (28) . It was also proposed that teneurins act in establishing synaptic connectivity not as heterophilic but as homophilic cell adhesion molecules (29, 30) , but in our assays, teneurins do not engage as homophilic cell adhesion molecules, and teneurins act exclusively as presynaptic cell adhesion molecules.
Our results raise multiple questions. For example, what is the nature of the postsynaptic signal that is activated by latrophilins during synapse formation? How is the specificity of Lphn2 and Lphn3 for different dendritic domains in the same pyramidal neuron determined, and is this due to intrinsic sequence determinants or to differential ligand-binding affinities? What postsynaptic ligands mediate teneurin action in inhibitory synapse formation? FLRT3 can simultaneously bind to Lphn3 and to Unc5 (a Netrin receptor protein involved in axon guidance during development) in a trans configuration (22) , which suggests that the transsynaptic teneurin-latrophilin-FLRT complex may be even larger. As a result, this complex may include postsynaptic Unc5, which in turn could bind to yet another presynaptic adhesion molecule. These large, multiprotein transsynaptic complexes may be modular and may differ in distinct synapse subtypes to increase specificity and generate functional diversity. Thus, the overall portrait of synapse formation emerging from these data is that different latrophilin isoforms are targeted to defined postsynaptic dendritic domains, where they mediate specific excitatory synapse formation by binding to presynaptic FLRTs and teneurins on incoming axons.
Methods summary
All procedures conformed to National Institutes of Health Guidelines for the Care and Use of Laboratory Mice and were approved by the Stanford University Administrative Panel on Laboratory Animal Care. See supplementary materials for further details.
Generation of Lphn3 cKO mice
Mutant Lphn3 conditional mice containing an N-terminal double HA tag were generated by introducing the tag into the coding region of the 3′ exon following the exon with the start codon and the sequence encoding for the signal peptide. A frt site flanked neomycin selection cassette was introduced 5′ to the coding exon as well as a single loxP site. A second loxP site is flanking the coding exon 3′. The presence of frt sites allows for Flp-mediated deletion of the selection cassette and the loxP-sites allow for the Cre-mediated deletion of the HA epitope-bearing exon to generate a Lphn3 null allele. Lphn2-mVenus cKO mice were previously described (16) .
Neuronal cultures
Primary hippocampal cultures were generated by dissecting hippocampi from P0 neonatal mice, dissociating cells by papain digestion, filtering through a 70 mm cell strainer, and plating on Matrigel-coated 0 thickness glass coverslips in 24-well plates. Primary hippocampal neurons were infected with lentiviruses at 3 to 5 DIV and analyzed at 14 to 16 days in vitro (DIV). Sparse transfections of cultured neurons were performed 7 days after plating using a calcium phosphate method, and neurons were also analyzed at 14 to 16 DIV. Whole-cell voltage-clamp recordings in primary hippocampal neurons were conducted at 14 to 16 DIV as described (31) .
Stereotactic injections and electrophysiological and imaging analyses in acute slices
Stereotactic injections into newborn mice and mice at P21 were performed under anesthesia as described (16) . Whole-cell voltage-clamp recordings in acute transverse hippocampal slices were performed at P21 to P25 following P0 neonatal viral injections or at P40 to P45 following P21 injections as described (16) . Cells were filled with biocytin for morphological analyses, and images were acquired using a Nikon A1 Eclipse Ti confocal microscope with a 10×, 20×, 60×, and 100× objective, operated by NIS-Elements AR acquisition software.
Monosynaptic retrograde rabies viral tracing
Retrograde tracing experiments were conducted by injecting lentiviral Cre or Cre coexpressed with rescue cDNAs via a P2A sequence at P0, followed by injection of rabies complementing AAVs containing CAG-FLEX-TCB-mCherry and CAG-FLEX-RG at P21, subsequent injection of replication-deficient, pseudotyped rabies virus expressing GFP at P35, and analysis at P40.
In vitro synapse formation assays
Artificial synapse formation experiments were performed by transfecting HEK293T cells with indicated plasmids and subsequently plating them on 16 DIV cortical neurons 24 hours after transfection. Cocultures were immunolabeled for the indicated synaptic markers 24 hours later and analyzed by confocal microscopy.
